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We study the electronic structures of two single layer superconducting cuprates, Tl2Ba2CuO6+δ
(Tl2201) and (Bi1.35Pb0.85)(Sr1.47La0.38)CuO6+δ (Bi2201) which have very different maximum crit-
ical temperatures (90K and 35K respectively) using Angular Resolved Photoemission Spectroscopy
(ARPES). We are able to identify two main differences in their electronic properties. First, the
shadow band that is present in double layer and low Tc,max single layer cuprates is absent in
Tl2201. Recent studies have linked the shadow band to structural distortions in the lattice and the
absence of these in Tl2201 may be a contributing factor in its Tc,max. Second, Tl2201’s Fermi sur-
face (FS) contains long straight parallel regions near the anti-node, while in Bi2201 the anti-nodal
region is much more rounded. Since the size of the superconducting gap is largest in the anti-nodal
region, differences in the band dispersion at the anti-node may play a significant role in the pairing
and therefore affect the maximum transition temperature.
PACS numbers: 74.25.Jb, 74.72.Hs, 74.72.Jt, 79.60.Bm
Despite more than 20 years of effort, there is still no
consensus on what is the nature of the superconduct-
ing coupling mechanism in the high Tc superconductors.
Early theoretical works1 proposed that interlayer interac-
tions between the copper oxygen (Cu-O) planes in these
quasi 2D materials played a key role in the pairing mech-
anism. However, some predictions from this model were
later found to be inconsistent with experiment2. Yet,
there remains empirical evidence that both the maxi-
mum transition temperature (Tc,max) and the size of the
superconducting gap of the high temperature supercon-
ducting cuprates (HTSC) depends, sometimes strongly,
on the number of Cu-O layers per unit cell3. Bismuth4,
thallium5, and mercury6 -based cuprates all show an in-
crease in Tc,max with the number of Cu-O layers. While
Tc,max increases with the number of Cu-O layers (peak-
ing at 3 layers per unit cell), it is not always the same
for a given number of layers. In particular, there are
two single layer materials, Tl2Ba2CuO6+δ(Tl2201)7 and
HgBa2CuO4+δ(Hg1201)8 (Tc,max∼90K), whose transi-
tion temperatures are actually closer to that of other dou-
ble layer cuprates. This could mean that either Tc,max is
somehow enhanced in Tl2201 and Hg1201 or that Tc,max
for all single layer cuprates is intrinsically closer to 95K
and other mechanisms, for example, lattice distortions
in the Bismuth-based materials9 reduce Tc,max. One can
imagine that adding more Cu-O layers per unit cell to the
Bi-based material (going from Bi2201 to Bi2212) creates
an additional channel, thereby enhancing the supercon-
ductivity and pushing the Tc,max back up to ∼ 90K.
To help explore these ideas and explain the large vari-
ation of Tc,max of the single layer compounds, it is es-
sential to look for differences in their electronic structure
through Angular-Resolved Photoemission Spectroscopy
(ARPES)10,11.
Here we report an ARPES study on the elec-
tronic structure of two single layer cuprates
with distinctly different maximum critical tem-
peratures: Tl2Ba2CuO6+δ (Tl2201) Tc∼90K and
(Bi1.35Pb0.85)(Sr1.47La0.38)CuO6+δ (Bi2201) Tc∼35K.
We find two striking differences in the Fermi surface
(FS) maps at the chemical potential. First, the shadow
band (usually attributed to structural distortions9,12,13)
is present in single layer Bi2201 (and double layer
Bi2212) but is absent in Tl2201. Second (and possibly
more important), the FS of Tl2201 has long parallel
“nested” regions close to the antinodes (where the
superconducting gap reaches its maximum value). This
feature is very similar to that found in double layered
Bi2212 with a Tc,maxof∼ 90K, while it is absent in
Bi2201. In other words, materials with a high Tc have
strongly nested FS.
Optimally doped Bi2201 single crystals were grown us-
ing the floating zone (FZ) method14. The substitution of
Pb suppresses the modulation in the Bi-O layers15 that
normally causes complications (superlattice) in interpret-
ing the band structure in pristine Bi2Sr2CuO6+δ10,11.
Near optimally doped Tl2Ba2CuO6+δ crystals were
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2FIG. 1: (Color Online) (a) Schematic structure of
Bi2Sr2CuO6+δ(Bi2201) and Tl2Ba2CuO6+δ(Tl2201). The
small red dots represent oxygen atoms and the other larger
atoms are labeled by the symbol on the left (Bi2201) or right
(Tl2201). Each layer is made up of the particular atoms
bounded to oxygen, with the double pyramids representing
copper oxygen bonds. (b)-(c) SQUID magnetization curves
for Bi2201 and Tl2201.
grown in an air atmosphere inside zirconium dioxide mul-
tilayered crucibles16,17. Single crystals samples of both
materials used in ARPES experiments are of exceptional
quality as evidenced by very sharp superconducting tran-
sitions with typical widths ∼2-4K shown in Fig. 1(b)-(c).
FS measurements for Tl2201 were performed at the Swiss
Light Source (SLS) on beamline X09LA-HRPES with a
Scienta SES2002 at 49 eV photon energy. The choice of
photon energy was dictated by need to maximize both
the signal intensity and energy resolution. As evident
from Fig. 5 there are two main energy for which the
signal reaches maximum: 49 eV and 74 eV. The signal
is certainly stronger when using the latter, however due
to characteristics of beamline the energy resolution there
would be significantly reduced. The energy and angular
resolution was set to 30 meV and 0.5◦ respectively. Elec-
tronic structure information for Bi2201 and Tl2201 was
acquired at the Advanced Light source (ALS) on Beam-
line 7.0.1 with the SCIENTA R4000 analyzer at 105 eV
FIG. 2: (Color Online) Intensity at the Fermi energy in mul-
tiple Brillouin zones for (a) Bi2201 and (b) Tl2201. All data
was collected at a photon energy of 105 eV. High (low) in-
tensity regions appear bright (dark) in the color map. (c)
Tight binding fitting plots, Bi221222 (black), Bi2201 (blue)
and Tl2201 (red), fitting parameters for (c) are found in Ta-
ble 1.
photon energy. The energy and angular resolution of the
R4000 was set to 40 meV and 0.5◦ respectively. Tl2201
photon energy dependence data was taken at the ALS on
beamline 12.0.1.1 using a SCIENTA 100 analyzer. The
energy and angular resolutions was set to 50 meV and
0.3◦ respectively. Bi2201 doping dependence data was
acquired on a Scienta SES2002 hemispherical analyzer
using a Gammadata VUV5000 photon source (HeIα) at
Iowa State University. The energy and angular resolu-
tion was set to 5meV and 0.13◦ respectively. All data
was acquired on in situ cleaved crystals at or below 20K
under UHV, with the samples being kept at their cleaving
temperature throughout the measurement process. Dur-
ing the measurement process we had to cleave multiple
Tl2201 samples in order to get reliable and reproducible
results. This was mainly due to Tl2201’s inability to
cleave nicely. Bi2201 on the other hand almost always
cleaves nicely, so multiple cleaves were not as important.
The schematic crystal structure of Tl2201 and Bi2201
are shown in Fig. 1a18. Each material’s unit cell con-
tains a single Cu-O layer with dual layers of Tl-O and
3TABLE I: Tight-Binding fitting function (ε(~k)) and experimental fit for Bi2201, Tl2201 and Bi221222 where ε(~k) =
P
ciηi(~k)
ηi(~k) ci Bi2201 ci Tl2201 ci Bi2212
1 0.16895 ± 0.013 0.24103 ± 0.0202 0.1305
1
2
(cos kx+cos ky) -0.73338 ± 0.0161 -0.72153 ± 0.0328 -0.5951
cos kx×cos ky 0.11389 ± 0.00786 0.14813 ± 0.00935 0.1636
1
2
(cos 2kx+cos 2ky) -0.11086 ± 0.00573 -0.17287 ± 0.0115 -0.0519
1
2
(cos 2kx×cos 2ky+cos kx×cos 2ky) -0.049688 ± 0.0248 -0.01604 ± 0.0359 -0.1117
cos 2kx×cos 2ky 0.045032 ± 0.00751 0.048246 ± 0.016 0.051
FIG. 3: (Color Online) Momentum distribution curve for (a)-
(e) Bi2201 and (f)-(j) Tl2201 taken at ky/pi=0.5,0 .7,0 .9, 1.1
and 1.3. The lowest intensity corresponds to red while the
highest intensity corresponds to dark blue moving through the
color spectrum. The colored pictures are the original APRES
data while the black lines are tight-binding fit. The tight
binding fitting parameters for the black lines are located in
Table 1, (k) FS taken from peak position of MDC for Bi2201
(blue dots) and Tl2201 (red crosses), (l) schematic MDC lo-
cation for (a)-(j).
FIG. 4: (Color Online) Intensity maps of Bi2201 taken around
(pi,0) for different carrier concentrations (a) 0.23, (b) 0.25, (c)
0.27, and (d) 0.29, with black line represents the tight binding
fits for each doping level
Ba-O (Tl2201) or Bi-O and Sr-O (Bi2201). We note that
Tl2201 has a tetragonal (i.e. a=b) structure with nearly
perfectly flat Cu-O layers and a slight buckling in the Tl-
O and Ba-O layers16. In contrast, Bi2201’s structure has
a degree of orthorombicity (i.e. a∼=b) accompanied by
buckling in all layers7. The two materials also have very
different cleaving properties. Tl2201 has strong bond-
ing between the layers, which makes it difficult to cleave,
often leaving behind a rather rough surface. Whereas,
Bi2201 is very well known for excellent cleaving prop-
erties and is material of choice for surface studied such
as ARPES or STM/STS. This is because the bonding
between adjacent Bi-O layers is due to Van der Waals
interaction. In majority of cases after cleaving we were
able to obtain a flat mirror-like surfaces.
The ARPES intensity integrated from 20meV to -
40meV about the chemical potential is plotted as a func-
tion of momentum for Bi2201 and Tl2201 in Fig. 2 (a)
and (b) respectively. The bright areas correspond to high
intensity and represent the Fermi surface (FS) - those lo-
cations in momentum space where the band crosses the
chemical potential. One can see that both FS are sim-
ilar to the usual calculations of a Cu-O layer inside a
cuprate19,20, with a couple of distinct differences. First,
the shadow band, found in some cuprates9,13,21 including
single layer Bi2201 (Tc,max=35K, left panel) and LSCO
(Tc,max=40K) as well as two layer Bi2212 (Tc,max∼=90K),
4is absent in single layer Tl2201 (Tc,max∼=90K, right
panel). The second more subtle difference is the shape
of the FS close to the antinode (pi,0). To better com-
pare the shape of the FS, we have performed a tight
binding analysis on each of our samples, the results from
these fits are shown in Fig. 2 (c). The fitting analysis
was performed using full 3D band dispersion data, ex-
amples of which are shown in Fig. 3. We also present
the published tight-biding fits for Bi221222 in Fig. 2 (c)
for comparison. Fitting parameters for all three cases
are presented in Table 1. Based on these parameters
we have calculated the carrier concentration level for the
three systems: 0.17 for Bi2212, 0.27 for Bi2201 and 0.35
for Tl2201. The shape of the FS for Tl2201 and Bi2212
are almost identical; the only visual difference between
the two arises from the differences in their carrier con-
centrations. They both display long, nearly parallel FS
segments close to the antinode. The FS of Bi2201 is quite
different in this region of momentum space. Bi2201 FS is
much more rounded with no significant parallel segments.
We have to point out that the length of the parallel seg-
ments in the anti-nodal regions will, in principle, depend
on carrier concentration. In heavily overdoped cuprates,
the antinodal regime of the FS can become less parallel
and eventually close (disappearing completely from the
FS)23. In our case, Tl2201 has a higher carrier concen-
tration (more overdoped) than the Bi2201, yet Tl2201’s
antinodal FS nesting is still much greater than in Bi2201.
To show that Bi2201’s rounded FS is not a doping depen-
dent feature but a fundamental characteristic, we present
Fig. 4. Moving from top to bottom and left to right, i.e.
(a)-(d), we show the FS of Bi2201 about (pi,0) at carrier
concentration levels of 0.23, 0.25, 0.27, 0.29 respectively.
We see the shape changes slightly as we change doping, as
is expected yet, the general roundness remained through-
out all dopings levels.
Fig. 5 (a) shows the peak intensity verse photon en-
ergy for Tl2201 taken at a constant region of momentum
space near (pi,0). The variation in the intensity arises
from the matrix element effect24 during the photoemis-
sion process. Fig. 5 (b)-(d) shows how the matrix ele-
ments can affect the overall dispersion with some energies
being better than other for data acquisition. From this
curve we have identified 49 eV and 74 eV as the best
energies for obtaining high resolution data from Tl2201
samples.
We now discuss why Tc,max is much higher in Tl2201
compared to Bi2201. First, Tl2201 has a tetragonal crys-
tal structure with flat Cu-O layers, whereas Bi2201 is
orthorhombic with buckled Cu-O layers7. It is known
that local lattice distortions (produced by chemical in-
homogeneity) can reduce the value of Tc in a systematic
way26. It has also been shown that the larger the Cu-O
plane buckling angle, the lower the Tc,max25. So, dis-
tortions in the Cu-O planes have long been known to
cause a lowering of the Tc,max. Second, our results show
that the FS of Tl2201 does not contain a shadow band,
but Bi2201 does. There are several explanations for the
FIG. 5: (Color Online) (a) Photon energy dependence for
Tl2201 taken at around (pi,0). Markers in (a) are at 49eV,
59eV and 74eV respectively, corresponding to the energy mo-
mentum cuts in (b), (c), and (d). In (b)-(d) dark blue corre-
sponds to low intensity, while red corresponds to high inten-
sity moving through the color spectrum
origins of the shadow band. The most convincing expla-
nation to date is that it is due to structural distortions,
either in the form of an orthorhombic distortion of the
lattice9, and/or by diffraction of the outgoing photoelec-
tron by the superstructure of the BiO layer at the surface.
Whatever the cause, if the shadow band is absent (as in
Tl2201), it suggests that the material is free of the struc-
tural distortions that could potentially lower the Tc,max
Finally, Tl2201 has strong interlayer interactions that are
absent in Bi2201. The same strong interlayer bonding is
also present in another high Tc,max single layer cuprate
Hg1201 (Tc,max∼95K)8. Given the above, our observa-
tion that Tl2201 does not exhibit a shadow band is fully
consistent with the absence of structural distortions of
its lattice and its unusually high Tc,max. We now ad-
dress the fact that Bi2212 is known to have buckled Cu-
O planes, orthorhombic distortions, a shadow band and
weak interlayer interactions, yet it still has a high Tc,max,
which is comparable to that of Tl2201. We speculate that
the extra Cu-O layer per unit cell in Bi2212 enhances the
superconductivity and raises the Tc,max. This has been
seen in other multi-layered cuprates where Cooper pairs
are allowed to tunnel between the Cu-O layers through
Josephson coupling, raising Tc,max27,28.
Finally, our data shows a relationship between the
length of the long parallel (nested) FS segments centered
about (pi,0) and Tc,max. Looking back to Fig. 2 (c)
5we see that Tl2201 and Bi2212 have very similar nested
FS segments and approximately the same Tc,max. In
contrast, Bi2201’s FS segments are much rounder with
a lower Tc,max. Our data suggests that FS nesting at
the antinode is related to the enhanced Tc,max. We also
note that the superconducting and pseudo-gaps reach a
maximum in these regions29,30, with other studies sug-
gesting this region is critical in understanding of how
cuprate superconductivity works31,33,34,35. Our observa-
tion of significant FS nesting in Tl2201 is an important
new result.
In conclusion, we report a comparative study on the
electronic structures of two single layer cuprates Tl2201
Tc,max∼90K and Bi2201 Tc,max∼35K, along with pho-
ton energy data for Tl2201. We find two striking dif-
ferences in the occurrence of the shadow band and the
shape of the FS close to the antinodes. First, the shadow
band in single layer Bi2201 and double layer Bi2212 is ab-
sent in Tl2201. Second Tl2201 has long parallel (nested)
regions on its FS (similar to double layer Bi2212 with
Tc,max∼90K), while these regions are much smaller (if
not absent) in low Tc,max Bi2201. Our data shows two
non trivial results for superconducting cuprates. First,
there may be a balance between structural distortions
and interlayer interactions that help control Tc,max in
the cuprates. Second, there is a qualitative relationship
between the length of the anti-nodal nesting and Tc,max
in our cuprates.
The work at the Ames Laboratory was supported
by the Department of Energy at Iowa State University.
Ames laboratory is supported under Contract No. DE-
AC02-07CH11358. The Advanced Light Source is sup-
ported by the Director, Office of Science, Office of Basic
Energy Sciences, of the U.S. Department of Energy un-
der Contract No. DE-AC02-05CH11231. This research
project is also supported by the European Commission
under the 6th Framework Programme: Strengthening the
European Research Area, Research Infrastructures. Con-
tract n: RII3-CT-2004-506008’.
1 P.W. Anderson, The Theory of Superconductivity in the
High-Tc Cuprate, Princeton Univ Press (1997)
2 A. A. Tsvetkov, D. van der Marel, K. A. Moler, J. R. Kirt-
ley, J. L. de Boer, A. Meetsma, Z. F. Ren, N. Koleshnikov,
D. Dulic, A. Damascelli, M. Grninger, J. Schtzmann, J.
W. van der Eb, H. S. Somal and J. H. Wang, Nature 395,
360 (1998)
3 T. Sato, H. Matsui, S. Nishina, T. Takahashi, T. Fujii, T.
Watanabe, and A. Matsuda, Phys. Rev. Lett. 89, 067005
(2002)
4 D. L. Feng, A. Damascelli, K. M. Shen, N. Motoyama, D.
H. Lu, H. Eisaki, K. Shimizu, J.-i. Shimoyama, K. Kishio,
N. Kaneko, M. Greven, G. D. Gu, X. J. Zhou, C. Kim, F.
Ronning, N. P. Armitage, Z.-X Shen, Phys. Rev. Lett. 88,
107001 (2002)
5 Y. C. Ma, N.L. Wang, Phys. Rev. B 72, 104518 (2005)
6 C. Ambrosch-Draxl, E. Ya. Sherman, H. Auer, T. Thon-
hauser,Phys. Rev. Lett. 92, 187004 (2004)
7 C. C. Torardi, M. A. Subramanian, J. C. Calabrese, J.
Gopalakrishnan, E. M. McCarron, K. J. Morrissey, T. R.
Askew, R. B. Flippen, U. Chowdhry, and A. W. Sleight,
Phys. Rev. B 38, 225 (1988)
8 W. S. Lee, T. Yoshida, W. Meevasana, K. M. Shen, D.
H. Lu, W. L Yang, X. J. Zhou, X. Zhao, G. Yu, Y.
Cho, M. Greven, Z. Hussain, and Z.-X. Shen arXic:cond-
mat/0606347 v1 (2006)
9 K. Nakayama, T. Sato, T. Dobashi, K. Terashima, S.
Souma, H. Matsui, T. Takahashi, J. C. Campuzano, K.
Kudo, T. Sasaki, N. Kobayashi, T. Kondo, T. Takeuchi, K.
Kadowaki, M. Kofu, K. Hirota, Phys. Rev. B 74, 054505
(2006)
10 J. C. Campuzano, M. R. Norman, M. Rande-
ria,”Photoemission in the high temperature superconduc-
tors” The Physics of Superconductors, K.H. Bennemann
and J.B. Ketterson, Eds., Springer Verlag, Berlin, May
2004, p. 167
11 A. Damascelli, Z. Hussain, Z-X Shen, Rev. Mod. Phys. 75,
473 (2003)
12 A. Mans, I. Santoso, Y. Huang, W. K. Siu, S. Tavaddod,
V. Arpiainen, M. Lindroos, H. Berger, V. N. Strocov, M.
Shi, L. Patthey, M. S. Golden, Phys. Rev. Lett. 96, 107007
(2006)
13 A. Koitzsch, S. V. Borisenko, A. A. Kordyuk, T. K. Kim,
M. Knupfer, J. Fink, M. S. Golden, W. Koops, H. Berger,
B. Keimer, C. T. Lin, S. Ono, Y. Ando, R. Follath, Phys.
Rev. B 69, 220505(R) (2004)
14 T. Kondo, T. Takeuchi, U. Mizutani, T. Yokoya, S. Tsuda,
and S. Shin, Phys. Rev. B 72, 024533 (2005)
15 H. Ding, A. F. Bellman, J. C. Campuzano, M. Randeria,
M. R. Norman, T. Yokoya, T. Takahashi, H. Katayama-
Yoshida, T. Mochiku, K. Kadowaki, G. Jennings, and G.
P. Brivio, Phys. Rev. Lett. 76 1533 (1996)
16 N. N. Kolesnikov, M. P. Kulakov, V. N. Molchanov, I. F.
Schegolev, R. P. Shibaeva, V. I. Simonov, R. A. Tamazyan
and O. M. Vyasilev, Physica C 242, 385 (1995)
17 N. N. Kolesnikov, V. E. Korotkov, M. P. Kulakov, R. P.
Shibaeva, V. N. Molchanov, R. A. Tamazyan and V. I.
Simonov, Physica C 195, 219 (1992)
18 H. Shaked, P. M. Keane, J.C. Rodriguez, F. F. Owen, R.
L. Hitterman, J. D. Jorgensen, Crystal Structures of the
High-Tc Superconducting Copper-Oxides, Elsevier Science
B.V., Amsterdam (1994)
19 H. Krakauer, W. E. Pickett, Phys Rev. Lett. 60, 1665
(1988)
20 O. K. Anderson, A. I, Liechtenstein, O. Jepsen, F. Paulson,
J. Phys. Chem. Solids 56, 1573 (1995)
21 S. V. Borisenko, M. S. Golden, S. Legner, T. Pichler, C.
Durr, M. Knupfer, J. Fink, G. Yang, S. Abell, and H.
Berger, Phys. Rev. Lett. 84, 4453 (2000)
22 M. R. Norman, M. Randeria, H. Ding, and J. C. Cam-
puzano, Phys. Rev. B 52, 615 (1995)
23 A. Kaminski, S. Rosenkranz, H. M. Fretwell, M. R. Nor-
man, M. Randeria, J. C. Campuzano, J-M. Park, Z. Z. Li,
H. Raffy, Phys. Rev. B 73, 174511 (2006)
624 A. Bansil, M. Lindroos, Phys. Rev. Lett. 83, 5154 (1999)
25 S Kambe, O Ishii, Physica C 341-348, 555 (2001)
26 H. Eisaki, N. Kaneko, D. L. Feng, A. Damascelli, P. K.
Mang, K. M. Shen, Z.-X. Shen, and M. Greven, Phys. Rev.
B 69, 064512 (2004)
27 S. Chakravarty, H. Kee, K. Volker, Nature 428, 53 (2004)
28 T. A. Zaleski, T. K. Kopec, Phys Rev. B 71, 014519 (2005)
29 J. Mesot, M. R. Norman, H. Ding, M. Randeria, J. C.
Campuzano, A. Paramekanti, H. M. Fretwell, A. Kamin-
ski, T. Takeuchi, T. Yokoya, T. Sato, T. Takahashi, T.
Mochiku, K. Kadowaki, Phys. Rev. Lett 83, 840 (1999)
30 H. Ding, J. C. Campuzano, A. F. Bellman, T. Yokoya, M.
R. Norman, M. Randeria, T. Takahashi, H. Katayama-
Yoshida, T. Mochiku, K. Kadowaki, and G. Jennings,
Phys. Rev. Lett. 75, 1425 (1995)
31 T. Kondo, T. Takeuchi, A. Kaminski, S. Tsuda, S Shin,
Phys. Rev. Lett. 98, 267004 (2007)
32 H. Ding, M. R. Norman, T. Yokoya, T. Takeuchi, M. Ran-
deria, J. C. Campuzano, T. Takahashi, T. Mochiku, K.
Kadowaki, Phys. Rev. Lett. 78, 2628 (1997)
33 T. Hanaguri, C. Lupien, Y. Kohsaka, D.-H. Lee, M.
Azuma, M. Takano, H. Takagi, J. C. Davis, Nature 420,
1001 (2004)
34 K. M. Shen, F. Ronning, D. H. Lu, F. Baumberger, N.
J. C. Ingle, W. S. Lee, W. Meevasana, Y. Kohsaka, M.
Azuma, M. Takano, H. Takagi, Z.-X. Shen, Science 307,
901 (2005)
35 T. Hanaguri, Y. Kohsaka, J. C. Davis, C. Lupien, I. Ya-
mada, M. Azuma, M. Takano, K. Ohishi, M. Ono, H. Tak-
agi, Nature Phys. 3, 865 (2007)
